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Abstract Functional zoning has been suggested as a way
to balance the needs of a viable forest industry with those
of healthy ecosystems. Under this system, part of the forest
is set aside for protected areas, counterbalanced by inten-
sive and extensive management of the rest of the forest.
Studies indicate this may provide adequate timber while
minimizing road construction and favoring the develop-
ment of large mature and old stands. However, it is unclear
how the spatial arrangement of intensive management
areas may affect the success of this zoning. Should these
areas be agglomerated or dispersed throughout the forest
landscape? Should managers prioritize (a) proximity to
existing roads, (b) distance from protected areas, or (c) site-
specific productivity? We use a spatially explicit landscape
simulation model to examine the effects of different spatial
scenarios on landscape structure, connectivity for native
forest wildlife, stand diversity, harvest volume, and road
construction: (1) random placement of intensive manage-
ment areas, and (2–8) all possible combinations of rules
(a)–(c). Results favor the agglomeration of intensive
management areas. For most wildlife species, connectivity
was the highest when intensive management was far from
the protected areas. This scenario also resulted in relatively
high harvest volumes. Maximizing distance of intensive
management areas from protected areas may therefore be
the best way to maximize the benefits of intensive man-
agement areas while minimizing their potentially negative
effects on forest structure and biodiversity.
Keywords Plantations  Logging  Forest conservation 
Coarse filter  Connectivity  SELES
Introduction
As it becomes increasingly evident that the value of the
boreal forest goes way beyond timber, forest managers and
policy makers alike are searching for ways to balance the
timber needs of the forest industry with other values such
as biodiversity conservation. One way to achieve this
balance may be through functional zoning, a planning
system that involves setting aside specific areas of the
forest for specific purposes. For example, in triad zoning,
part of the forest is set aside for protected areas, with
biodiversity conservation as the main goal; another part is
designated as intensive management, with timber produc-
tion as the main goal; and the rest of the forest is desig-
nated as extensive management, where an attempt is made
to balance the needs of all forest users through less-inten-
sive forestry practices (Seymour and Hunter 1992). In the
protected areas, there is no timber extraction, and rather a
focus on conservation and associated low-impact recre-
ational use. In intensive management areas, various silvi-
cultural techniques are applied to maximize timber
production. Intensive management areas include planta-
tions, often of hybrid and fast-growing tree species as well
as of native species, but may also include other techniques
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such as thinning. In extensive management areas, timber
extraction practices are often designed to mimic the pro-
cesses and patterns created by natural disturbances, thus
allowing for extraction while also trying to maintain a
more-or-less natural forest. As the result of a pilot study in
Quebec, Canada, which indicated the relative success of
such a system in meeting ecological, economic, and social
goals for forest management (Messier et al. 2009), the
province has set out to apply such a system across the
forest.
Triad zoning is particularly suitable for Canadian and
other Northern forests with relatively little ecological
variability that are managed over large spatial scales. Most
of Quebec’s forest is boreal or boreal-mixedwood, i.e.,
dominated by relatively few species of trees. It is thus
reasonable to assume that setting aside 10–20 % of the
forest for relatively large protected areas will mean pro-
tecting a representative sample of the forest. Furthermore,
in Quebec, as in all provinces of Canada, the forest is
almost exclusively publicly owned, and timber-extraction
rights are granted for large tracts of this forest to be
managed, often by single companies. Forest management
plans are made over large spatial scales and long temporal
scales. It is therefore relatively easy to set aside large parts
of this forest for extensive management, intensive man-
agement, and some conservation over the long term.
Research indicating the possible benefits of such triad
management has been carried out in several Canadian
provinces (D’Eon et al. 2004; Nitschke and Innes 2008;
Messier et al. 2009) and U.S. states (Seymour and Hunter
1992; Redelsheimer 1996), and it has even been suggested
that such a system might be beneficial in Sweden (Ranius
and Roberge 2011). On the other hand, triad management
might not be as easily applied to more diverse forests or to
privately owned forests managed at smaller spatial and
temporal scales.
This said, there are still many questions that remain to
be addressed in setting triad zoning for forest management,
even in areas such as Quebec, where this process might
seem relatively straightforward. Some of these questions
have to do with the specific practices to be applied in each
zone and are addressed elsewhere (e.g., Fortier and Messier
2006; Tittler et al. 2012). However, equally important
questions at the landscape scale relate to the distribution of
the three zones across the forest: Where should intensive
management areas be located? According to what rules
should the spatial configuration of the zoning be decided
upon? Intensive management areas themselves are likely
not just to provide habitat for fewer species (e.g., Imbeau
et al. 2001; Thompson et al. 2003) but also to limit the
movement of some species across the landscape (Geboers
and Nol 2009; Villard and Hache´ 2012); can the negative
implications of such an effect be minimized by carefully
planning the spatial location of these intensive manage-
ment areas?
There are a variety of rules that could be applied to
regulate the spatial configuration of intensive management
areas in the forest under triad or a similar type of zoning
management. First, intensive management areas could be
located at random. This might be the equivalent of having
small forest owners make decisions about how to manage
their own small patch of forest without considering the
greater context. Second, to maximize productivity, the
most productive sites of the forest could be designated as
intensive management. This would presumably maximize
the timber volume produced in the intensive management
zone, thus reducing the pressure to produce timber in the
rest of the forest, either resulting in a greater proportion of
the forest being set aside for protected areas or in less
timber being extracted from the extensive management
zone. However, this might also limit the natural diversity of
the forest since a large proportion of the sites of a certain
type would be under intensive management. Third, inten-
sive management areas could be located as close as pos-
sible to the existing road network. This could reduce the
amount of road construction necessary to carry out logging
operations and silvicultural activities, which would reduce
both the economic and the ecological costs of timber
extraction. Economically, the cost of building and main-
taining new roads would be reduced. Ecologically, the
various negative effects of building new roads on wildlife
species could be reduced (including habitat loss and frag-
mentation, mortality, etc.; see Fahrig and Rytwinski 2009
for a review), as would the carbon emissions that would
result from traveling over a more extensive road network.
Finally, intensive management areas could be limited to
stands that are located as far as possible from the protected
areas, thus buffering these protected areas to limit the
effects of logging on organisms living there. Although
likely to be beneficial to wildlife, this scenario might not
necessarily be optimal in terms of timber production and
road construction.
In the interest of balancing the ecological, economic,
and social demands on the forest, there is a growing need to
compare the effects of different spatial arrangements of
intensive management areas on both socioeconomic and
ecological indicators. For example, any large-scale spatial
scenario should ideally maximize the amount of old-
growth forest, which is generally rarified by forestry
practices that harvest trees at maturity (i.e., between 60 and
100 years of age in Quebec) rather than waiting for trees to
begin to die and stands structure to become less uniform.
The structurally diverse, deadwood-rich, old-growth stands
that are often not allowed to develop in a managed forest
are important for many species of plants and animals in the
boreal forest of Quebec as elsewhere (e.g., Imbeau et al.
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2000; Drapeau et al. 2000, 2003; Boudreault et al. 2002;
Desponts et al. 2002, 2004; Fenton and Bergeron 2008). In
the interest of maintaining as much habitat for as many
native species as possible, stand diversity should also be
maintained. In the same vein, connectivity of the forest
landscape may also be important, that is, according to
Taylor et al. (1993), ‘‘the degree to which the landscape
facilitates or impedes movement.’’ A highly connected
landscape is one through which individuals can move to
forage, find mates, and disperse in search of new territories,
activities that ensure the long-term viability of native
wildlife populations. However, the socioeconomic needs of
the forest industry cannot be ignored: old growth and
connectivity must be maintained without sacrificing har-
vest volume, which translates into profit for the industry,
jobs for forestry workers, and economic growth for the
province. At the same time, road construction should be
minimized. Building and maintaining roads, as well as road
transportation, can be very expensive, thus the economic
benefits of intensive management will be greater if road
construction can also be minimized. Furthermore, roads
can lead to erosion, pollution, and increased runoff, as well
as negative consequences for wildlife. Roads not only lead
to permanent habitat loss but also to road mortality and
road avoidance (e.g., Fahrig and Rytwinski 2009). In
addition, roads increase access to humans and provide
transportation corridors to facilitate the dispersal of inva-
sive plants (e.g., Coffin 2007; Fahrig and Rytwinski 2009;
Mortensen et al. 2009). Finally, roads have even been
found to decrease the genetic diversity of wildlife popu-
lations (reviewed in Holderegger and Di Giulio 2010).
Thus, in this study, we use a spatially explicit landscape
simulation model to examine the effects of several different
spatial arrangements of intensive management areas on the
structure and composition of the forest, harvest volume,
road construction, and connectivity of the landscape for
three species of native mammals (the moose Alces alces,
the American marten Martes americana, and the northern
flying squirrel Glaucomys sabrinus) and four species of
native songbirds (the Red-eyed Vireo olivaceus, the Yel-
low-rumped Warbler Dendroica coronate, the Golden-
crowned Kinglet Regulus satrapa, and the Red-breasted
Nuthatch Sitta canadensis).
Methodology
We examined the effects of different spatial arrangements of
intensive management areas on the structure of the forest
landscape, connectivity, road construction, and harvest vol-
ume using the Vermillon spatially explicit landscape event
simulation model (VLM; see Coˆte´ et al. 2010; Tittler et al.
2012) in Spatially Explicit Landscape Event Simulator
(SELES; Fall and Fall 2001). This model is based on the
Vermillon landscape in Mauricie, central Quebec (Fig. 1), a
landscape of 430,000 ha, approximately 390,000 ha of
which is forested. This landscape straddles the yellow
birch—balsam fir and white birch—balsam fir bioclimatic
regions and is dominated by white birch (Betula papyrifera),
black spruce (Picea mariana), balsam fir (Abies balsamea),
jack pine (Pinus banksiana), and trembling aspen (Populus
tremuloides). The main natural disturbance is fire; the fire
cycle is about 250 years (Bergeron et al. 2001). In this area,
as in most of Quebec and across much of Canada, the main
type of logging carried out is clearcutting, with cutblocks
averaging about 35 ha in size. Stands are generally logged at
approximately 60–80 years in age and are considered to be
‘‘over-mature’’ or old growth at about 100 years in age.
In the model, the forest is divided into three zones: 20 %
protected areas, 20 % intensive management, and 60 %
extensive management. The 20 % intensive management
corresponds approximately to the percentage of the forest
set aside for this type of management in the study area
(Messier et al. 2009). Setting protected areas as high as
20 % is optimistic but reasonable if intensive management
is meant to counterbalance the effects of setting forest aside
for conservation (Tittler et al. 2012). In the protected areas,
no logging is carried out and no roads are built by the
model. The model simulates logging in both the intensive
and the extensive management zones in the same way. The
difference between these two zones is in the growth rate of
regeneration: stand growth is twice as fast in the intensive
than in the extensive management zone and stands can thus
be harvested twice as often. This assumes that intensive
management practices can double the growth rate, which is
a reasonable estimate for this area even if intensive man-
agement is limited to conventional conifer restocking of
native species, as it often is in Quebec (Paquette and
Messier 2009). This does not assume the application of any
particular silvicultural techniques such as the use of pes-
ticides and herbicides, which might increase production
even more but are illegal in Quebec.
The VLM is composed of a series of submodels that
interact in a spatially explicit way to simulate the effects of
fire, logging, road construction, and succession on the
structure and composition of the forest. Fire size follows a
negative exponential distribution (as in Van Wagner 1978),
with a mean of 2500 ha and a maximum of 30,000 ha.
Given the size of the study area, these parameters result in
a fire cycle of about 250 years, i.e., it takes about 250 years
for an area equivalent to the area of the study site to burn
(Coˆte´ et al. 2010). The location of fire ignition is random,
but the probability of a fire spreading to neighbouring cells
after ignition depends on stand composition, age, and fire
size distribution. The probability that a stand will be logged
in any one time-step also depends on stand composition and
1106 Environmental Management (2015) 56:1104–1117
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age, as well as on proximity to existing roads. To be con-
sistent with the goals of ecosystem management as set forth
in the new provincial forest management legislation and
regulations, the size of cutblocks and agglomerations of
cutblocks also follows a negative exponential distribution,
with amaximum of 2000 ha. Roads are ‘‘built’’ by the model
when necessary to access cutblocks. Succession is based on a
semi-Markov chain of transitions in state space (James et al.
2007). The model is based on initial landcover data from the
third decadal forest inventory carried out by the Province of
Quebec (SIFORT) and has a spatial resolution of 0.25 ha and
a temporal resolution of 5 years. See Coˆte´ et al. (2010) and
Tittler et al. (2012) for additional details.
Scenarios Examined
We examined eight different scenarios of spatial distribu-
tion of intensive management areas:
(1) random distribution of intensive management areas;
(2) intensive management areas on the most productive
sites;
(3) intensive management areas located as far away
from protected areas as possible;
(4) intensive management areas located as close as
possible to existing roads;
(5) intensive management areas located on the most
productive sites as close as possible to existing roads
(a combination of (2) and (4));
(6) intensive management areas located as far away as
possible from the protected areas and as close as possible
to the existing roads (a combination of (3) and (4));
(7) intensive management areas located on the most
productive sites far from protected areas (a combi-
nation of (2) and (3)); and
(8) intensive management areas located on the most
productive sites as close as possible to existing roads
and as far as possible from the protected areas (a
combination of (2), (3), and (4)).
In all scenarios, the protected areas were distributed in
the same way, i.e., in three large areas (Fig. 2), thus pro-
viding large tracts of forest while, at the same time, min-
imizing the risk of the entire conservation zone being
burned by one large fire (Bonneau and Kneeshaw 2005).
We ran each scenario 20 times over 100 years.
All scenarios were constructed using ArcGIS (version
10.0). We identified forest patches based on soil type,
drainage, species of dominant trees, and stand age. In other
words, a continuous patch of forest that had the same soil
type, drainage type, dominant tree species, and stand age
was defined as a forest patch. For the first scenario, we
randomly selected patches not already set aside as pro-
tected areas to designate as intensive management areas,
stopping when we had reached 20 % of the forested area.
For all other scenarios, for each patch, we calculated pro-
ductivity based on growth curves associated with forest
types in the model (m3; see James et al. 2007), doubling
productivity in the intensive management zone as descri-
bed above. We also calculated the minimum distance of
each patch center to the edge of the nearest roads (km) and
the maximum distance to the edge of the nearest protected
area (km). We then created indices to maximize as fol-
lows—with variables to maximize (distance from protected
Fig. 1 The Vermillon
landscape in the Mauricie,
Quebec
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areas and productivity) in the numerator and variables to
minimize (distance to roads) in the denominator.
For scenario 2,
I ¼
Xn
i¼1
pi; ð1Þ
where I is the index to maximize, i is the patch, n is the
total number of forest patches, and p is the productivity
(m3);
For scenario 3,
I ¼
Xn
i¼1
Di; ð2Þ
where Di is the distance of forest patch i from the nearest
protected area (km);
For scenario 4,
I ¼
Xn
i¼1
1
ðRi þ 1Þ ; ð3Þ
where Ri is the distance of forest patch i from the nearest
road area (km), to which 1 is added to avoid the problem of
dividing by 0 for patches directly adjacent to roads;
For scenario 5,
I ¼
Xn
i¼1
pi
ðRi þ 1Þ ; ð4Þ
For scenario 6,
I ¼
Xn
i¼1
Di
ðRi þ 1Þ ; ð5Þ
For scenario 7,
I ¼
Xn
i¼1
Di  pi; ð6Þ
For scenario 8,
I ¼
Xn
i¼1
pi  Di
ðRi þ 1Þ : ð7Þ:Þ
For each of these scenarios, the 20 % of the land base
with the highest I was designated as intensive management
(Fig. 2).
Landscape Structure, Harvest Volume, and Road
Construction Response Variables
The eight different scenarios were evaluated in terms of
the following response variables: harvest volume (m3),
road construction (km), percent values and configurations
of old forest and closed forest, and stand diversity
(diversity of dominant trees) outside of intensive man-
agement areas. For harvest volume and road construction,
Fig. 2 The eight different
scenarios examined,
representing four different rules
for the spatial arrangement of
the intensive management areas
in the Vermillon landscape,
Mauricie, Quebec. In each
scenario, 20 % of the forest is
under intensive management,
20 % is set aside for protected
areas, and 60 % is under
extensive management.
Scenarios are defined in the text
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we examined the total over 100 years of simulation. We
calculated the other measures on the landscape created by
100 years of simulation, in other words, on the final
landscape. We considered the percentage and configuration
of old forest (defined as 100 years or older here) because
this forest is particularly rarified by forest management
here, where rotations are generally shorter than 100 years.
In the Mauricie, as elsewhere, there are large gaps between
the natural/preindustrial forest and the managed forest in
terms of this indicator (see Messier et al. 2009). Further-
more, as described above, old forest is important for
numerous native species, from lichens and vascular plants
to songbirds and amphibians (Drapeau et al. 2003; Yez-
erinac and Moola 2006; Lohmus and Lohmus 2009). On
the other hand, for some species, like the American marten
(Martes americana) and the Northern flying squirrel
(Glaucomys sabrinus), the amount and perhaps configu-
ration of closed forest (forest[7 m in height in this area)
is important (Chapin et al. 1998; Betts and Forbes 2005;
Cheveau 2010), which is why we also chose to look at this
indicator. We used effective mesh size (Jaeger 2000) to
quantify the configuration of both types of forest, a mea-
sure that varies between 0 and the total area of the land-
scape, with low values indicating relatively little,
fragmented forest and high values indicating the opposite.
Finally, we examined stand diversity, i.e., the diversity of
stand types (defined in terms of dominant canopy species);
this diversity could be reduced if all intensive management
areas were located on the same types of sites (e.g., the
most productive sites, all sites with good drainage, etc.).
We used the Shannon-Wiener index of diversity (Shannon
1948) to measure this indicator as follows:
H ¼ 
Xn
i¼1
PilnPi; ð8Þ
where H is the diversity of stand types in the landscape, i is
each stand type (defined in terms of dominant canopy
species), and Pi is the proportion of each stand type in the
landscape.
Connectivity Analyses
There are two types of landscape connectivity: structural
and functional. Structural connectivity is not species
specific, but is rather a simple measure of landscape con-
figuration. Functional connectivity, on the other hand, is
species specific: it is defined as the facility with which
individuals of a species can move through a landscape
(Kindlmann and Burel 2008). Because we are interested in
specific species here and we examine measures of land-
scape configuration above, we focus on functional con-
nectivity in this section.
We used graph theory analysis to measure the functional
connectivity of the landscapes produced by the VLM
according to the eight scenarios described above and for
each focal species examined (as per Minor and Urban
2008). The use of spatial graphs (or networks) analysis has
been increasingly recognized as a robust approach to assess
landscape connectivity (e.g., Bunn et al. 2000). For this
type of analysis, a spatial network is composed of patches
of habitat interconnected by links represented by interpatch
distances.
To evaluate functional connectivity, here we used the
least-cost path link geometry (Galpern et al. 2011). In this
geometry, links between habitat patches follow the route of
least resistance for the focal species according to the matrix
cover. The interpatch distance associated with each link is
an effective distance weighted according to the facility
with which individuals move across the different types of
landcover that separate habitat patches. In this case, the
different landcover types considered are roads and forest
stands of different ages, compositions, and origins (see
online supplementary material). For example, if an indi-
vidual of a given forest species is half as likely to cross a
100-m-wide recent clearcut as to travel an equal distance
through forest, the adjusted distance between two patches
of forest separated by 100 m of recent clearcut is 200 m. If
individuals of this species do not generally move more than
100 m, two forest patches separated by 100 m of recent
clearcut would not be connected in the spatial network.
Thus, it is crucial to have specific information on the
movement of focal species to measure functional connec-
tivity using graph theory. Specifically, we must have
knowledge about habitat preferences and the ability of
individuals to move across different types of nonhabitat
landcover (matrix). Knowledge about the dispersal dis-
tances of individuals is also necessary.
To obtain this information, and thus carry out our con-
nectivity analyses, we searched the scientific literature for
the necessary information. Specifically, we used the Web
of Science and Google Scholar, searching for the names of
each focal species and each type of landcover (mixed
forest, deciduous forest, coniferous forest, road, clearcut,
and burn or fire) in combination with the words ‘‘disper-
sal,’’ ‘‘movement,’’ ‘‘connectivity,’’ and ‘‘gap-crossing.’’
Details on this part of the work are presented in the sup-
plementary online material.
Once we had the necessary information to carry out our
analyses, we used ArcGIS (version 10.0) to create a
resistance map for each of the 20 replicates of the eight
scenarios for each of the focal species examined. A resis-
tance map is produced by assigning a specific value to each
pixel, here with a spatial resolution (pixel size) of 0.25 ha,
as in the VLM. Habitat pixels were assigned a value of 1,
while pixels of other landcover types were assigned larger
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values based on the ability of individuals of each species to
cross the given landcover type, which demonstrates the
landscape’s ‘‘resistance to movement.’’ Extensive details
explaining which resistance values were assigned to which
landcover types and the reasons for doing so can be found
in the supplementary online material.
We employed the package Grainscape (Galpern et al.
2011) in R (version 3.0.2) to extract the spatial networks
from the created resistance maps. Grainscape does not
provide the complete graph (i.e., the graph consisting of all
possible links between habitat patches). Instead, it provides
the minimum planar graph, a reliable approximation of the
complete graph, which includes the maximum number of
links with the shortest effective distance, which are non-
crossing (Fall et al. 2007). Because it relies on a reduced
set of links, extracting the minimum planar graph is less
computer demanding. Moreover, following network
extractions, we eliminated links with an effective distance
longer than the typical estimated dispersal distances from
the literature for each focal species.
We then analyzed the connectivities of the resulting
networks using a measure called the probability of con-
nectivity (PC). PC is a measure of habitat availability. It is
interpreted as the probability that two individuals randomly
placed in habitat patches within the landscape can reach
each other (Saura and Rubio 2010). PC is given by
PC ¼
Pn
i¼1
Pn
j¼1 aiajp

ij
A2
; ð9Þ
where n is the total number of habitat patches in the graph,
ai is the area of patch i and A is the total area of the forest
(comprising both habitat and nonhabitat), and pij is the
highest probability of dispersal from patch i to patch j. If
patch i and patch j are connected by a direct link in the
graph, then pij ¼ pij, where pij is the probability of direct
dispersal. If patch i and patch j are distant but reachable by
one or more paths going through intermediate patches that
are directly linked, then pij is the product of the probabil-
ities of direct dispersal though the intermediate patches that
lead to the highest value. If patch i and patch j are totally
isolated such that no path exists between them, then
pij = 0. If i = j, then p

ij = 1. PC gives values between 0
and 1. The higher the value of PC, the higher the con-
nectivity of the network of habitat patches for a given focal
species. In this study, A is equal to 387,885 ha.
To facilitate interpretation, we took the square root of
PC and multiplied the result by 100. The resulting index
gives the percentage of the forest area that forms connected
habitats. We compared the percentage between species and
scenarios to examine differences in the connectivity of the
forest landscape for our focal species.
Focal Species
We chose seven focal species for the connectivity analyses.
These were key species for the region for which the sci-
entific literature provided sufficient information on habitat
requirements and movement for the connectivity analyses
to be parameterised. These species included three mam-
mals (the moose Alces alces, northern flying squirrel
Glaucomys sabrinus, and American marten Martes amer-
icana) and four songbirds (the Red-eyed Vireo Vireo oli-
vaceus, Yellow-rumped Warbler Dendroica coronata,
Golden-crowned Kinglet Regulus satrapa, and Red-breas-
ted Nuthatch Sitta canadensis). Most of these species are
associated with closed forest and may therefore be nega-
tively affected by forest management. The moose is of
economic importance in the area as it is often hunted. For
each species, when different studies provided different
estimates, we preferentially used the estimates from studies
done in areas similar to ours. The exact parameters used in
the connectivity analyses can be found in the supplemen-
tary online material, as can a detailed justification for these
parameters and a sensitivity analysis of the connectivity
model.
Aggregated Index
All of the 20 simulation runs for each of the eight scenarios
were analyzed with respect to the 14 response variables
described above (see the summary Table 1). To facilitate
scenario comparison, we also calculated an aggregated
index (akin to a benefit:cost ratio) based on the indicators
described above. To calculate this index, we first stan-
dardized the values of all response variables for each run
using the following equation:
xr ¼
x0r max xð Þ
min xð Þ maxðxÞ if x ¼ R
xr min xð Þ
max xð Þ minðxÞ for all other indices
8
><
>:
ð10Þ
where r is each run, xr is the response variable in question
(V, R, C, etc., see Table 1) for each run r, min(x) is the
lowest recorded value of x among all eight scenarios,
max(x) is the highest recorded value of x among all eight
scenarios, and x0r is the standardized indicator for run r with
values between 0 and 1. Because scenarios that minimize
the total road construction are favorable, the standardized
indicator for R is calculated such that its minimum value
corresponds to 1—the highest possible score, and its
maximum to 0—the lowest possible score. For all other
indicators, the minimum value corresponds to 0 and the
maximum, to 1.
1110 Environmental Management (2015) 56:1104–1117
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We then calculated our integrated aggregated index, Ar,
for each run r by summing over the standardized indeces x0r
of all the 14 response variables:
Ar ¼ 1
14
X14
i¼1
x
0
r i; ð11Þ
where x
0
r i denotes the standardized values of each of the
14 indices (V 0r;R
0
r;C
0
r;meffðCrÞ0; O0r;meffðOrÞ;H0r;M0r;A0r;
S0r; E
0
r;B
0
r;G
0
r, and Y
0
r; Table 1). Calculated as such, rela-
tively low values of this index indicate high values for road
construction and/or low values of some or all of the 13
other response variables examined, while relatively high
values of this index indicate the opposite. In other words,
maximizing this index would mean maximizing the bene-
fits and minimizing the costs of management in terms of
the response variables examined. We normalized Ar by 14
in order to obtain an aggregated index with the minimum
value 0 and the maximum value 1. Note that, for simplicity,
this equation puts equal weight on all 14 response variables
examined by using the standardized values of each
response variable from Eq. 10. Alternative weight scenar-
ios could be investigated to reflect differences between
management objectives.
Statistical Analyses
Although we calculated and plotted means and standard
errors of all response variables for all 20 runs of all sce-
narios, we did not perform formal statistical analyses
because modeling studies such as this do not lend them-
selves to such analyses. If we wanted to find statistically
significant results, we could do so simply by increasing the
number of runs. Instead, we look for patterns in the results.
Results
Although many of the scenarios did not vary greatly in
terms of the response variables examined, some patterns
did emerge. For one, the random scenario (scenario 1)
performed the worst in terms of most, but not all measures.
This scenario resulted in the lowest percentage of the old
forest and the most fragmented old forest, as well as in the
most road construction (Fig. 3). However, it resulted in
some of the highest percentages of closed forest and the
least fragmentation among this forest type (although these
two responses did not vary very much from one scenario to
another), as well as in the greatest harvest volume and
relatively high stand diversity (Fig. 3). The random sce-
nario also resulted in the lowest connectivity for the moose
and was among the scenarios with the lowest connectivity
for the marten and flying squirrel (Fig. 4). Although dif-
ferences between this and the other scenarios were only
marked for the Red-eyed Vireo, this scenario also resulted
in the lowest connectivity for all the four bird species
studied. When these measures were combined to form an
aggregated index, the random scenario was in last place
(the lowest aggregated index), performing marginally
worse than most of the other scenarios and markedly worse
than the scenario where intensive management areas were
located as far as possible from the protected areas (Fig. 6).
The scenario in which intensive management areas were
located as close as possible to the initial road network
(scenario 4) performed well in terms of many of the
responses (Fig. 3), although not in terms of any of the
measures of connectivity (Figs. 4, 5). In particular, this
scenario resulted in the greatest percentage and the least
fragmented old forest, as well as in a percentage and
fragmentation level of closed forest comparable to those of
the random scenarios (Fig. 3). However, in terms of road
construction, this scenario resulted in intermediate levels,
perhaps because roads had to be built to access areas in the
extensive management zone for logging. This scenario also
resulted in relatively low harvest volumes (Fig. 3). The
resulting aggregated index was neither the highest nor the
lowest (Fig. 6). In addition, this scenario resulted in rela-
tively low landscape connectivity for all three mammal
species (Fig. 4) and for all of the birds except the Red-eyed
Vireo (Fig. 5), the only one of the bird species investigated
that inhabits deciduous rather than coniferous forest (online
supplementary material).
Table 1 Summary of the response variables used to assess 8 different
scenarios of spatial arrangement of intensive management
Response variables Abbreviation
Total harvest volume (m3) V
Total road construction (km) R
Percentage closed forest ([7 m) C
Effective mesh size of closed forest (ha) meff(C)
Percent old forest ([100 years) O
Effective mesh size of old forest (ha) meff(O)
Shannon-Wiener index of stand diversity H
Connectivity for moose M
Connectivity for American marten A
Connectivity for Northern flying squirrel S
Connectivity for Red-eyed Vireo E
Connectivity for Red-breasted Nuthatch B
Connectivity for Yellow-rumped Warbler Y
Connectivity for Golden-crowned Kinglet G
The harvest volume V and the total road construction R are cumulated
during a simulation, while all other variables are measured on the final
landscapes resulting from 100 years of simulation. Connectivity is the
probability of connectivity PC, as defined in the Methods section
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The scenario in which intensive management areas were
located as far as possible from protected areas (scenario 3)
also performed well in terms of many of the responses
examined, especially the connectivity measures (Figs. 4, 5)
and resulted in the highest overall aggregated index, with
scenario 6 (which also minimized distance of intensive
management areas from roads) ranking second (Fig. 6).
Scenario 3 also resulted in relatively high effective mesh
size of old forest, that is, little fragmentation of this forest,
as well as in low total road construction and high stand
diversity (Fig. 3). It also resulted in the highest landscape
connectivity for the American marten, Northern flying
squirrel, Yellow-rumped Warbler, and Golden-crowned
Kinglet and in relatively high connectivity for the moose
(Figs. 4, 5).
Some of the combination scenarios also performed well
in terms of some of the responses examined. In particular,
the scenario in which distance from roads was minimized
and from protected areas, maximized (scenario 6) resulted
in levels of closed forest and effective mesh size of closed
forest comparable to those of the random scenario, as well
as in levels of road construction comparable to those of the
scenario maximizing distance from protected areas and in
relatively high stand diversity (Fig. 3). It also resulted in
the highest degree of connectivity for the moose and in a
relatively high degree of connectivity for the flying squirrel
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and the Red-eyed Vireo (Figs. 4, 5). It therefore resulted in
the second highest aggregated index, as stated above
(Fig. 6). The scenario that maximized site productivity and
minimized distance from roads (scenario 5) resulted in the
highest degree of landscape connectivity for the Red-
breasted Nuthatch and one of the highest for the Red-eyed
Vireo (Fig. 5) but in a relatively low aggregated index
(Fig. 6).
Scenario 8, in which productivity and distance from
protected areas were both maximized and distance from
existing roads was minimized, did not perform particularly
well in terms of any of the responses examined (Figs. 3, 4,
5, 6). In particular, it resulted in the least, most fragmented
closed forest (Fig. 3b, d). In terms of all other responses, as
well as most of the species-specific connectivity results, it
resulted in intermediate levels, neither the worst nor the
best.
Discussion
Although the decision of how to arrange intensive manage-
ment areas on the landscape will vary on a case-by-case basis
depending on the specific management objectives, the results
of this study indicate that, if the needs of biodiversity are to be
considered, it might be best to cluster these areas according to
some of the rules examined here than to arrange them at
random on the landscape. Specifically, results indicate that
maximizing distance of intensive management areas from
protected areas may benefit wildlife and minimizing distance
from existing roadsmay result in high levels of old and closed
forest. According to our aggregated index, which puts equal
weight on all 14 response variables examined here, including
all seven species-specific measures of connectivity, in a
landscape with large protected areas, it would be best to put
intensive management areas as far away as possible from
protected areas. This effect is largely due to the benefits of
such a scenario in terms of wildlife connectivity. For wildlife
species that tend to avoid recent clearcuts and that have rela-
tively limited dispersal distances (here the Yellow-rumped
Warbler, Golden-crowned Kinglet, American marten, and
Northern flying squirrel; see online supplementary material),
such a scenario buffers protected areas, allowing individuals
to travel between habitat patches in protected areas and in the
extensive management zone while largely avoiding the high
concentrations of recent clearcuts most typical of intensive
management areas. Even if harvest volume was greater when
intensive management areas were distributed at random
across the landscape, if other responses were given equal
weight, this differencewas not sufficient to counterbalance the
negative effects of such a distribution. Of course, this partic-
ular measure would change were all response variables not
given equal weight, but the general conclusion, that random
allocation of intensive management areas is not the best
solution, would likely be the same. In this case, the scenario
that performed the best in terms of this particular measure
(maximizing distance of intensive management from pro-
tected areas) also performed the second-best in terms of har-
vest volume, and thus is likely to provide a good compromise
between the harvest volume and the needs of biodiversity.
Some of the results of this study were not as expected.
Although locating intensive management areas where
productivity was likely to be highest did result in relatively
low stand diversity, it did not result in the highest harvest
volume, nor did minimizing the distance of these areas
from the existing road network result in the lowest total
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road construction. This is likely due to the fact that the
landscape was divided into three zones rather than two; a
substantial part of the harvest, and therefore a substantial
proportion of the cutblocks were located in extensive rather
than intensive management areas. Locating intensive
management areas as close as possible to the existing road
network may have meant more roads had to be built to
access cutblocks in the extensive management zone, and
putting all the intensive management areas in the most
productive areas meant that only the less-productive areas
were available for extensive management.
The fact that minimizing the distance of intensive
management areas from roads resulted in high levels of old
and closed forest is likely due to the relative lack of such
forests near the roads in this particular landscape. That
said, it is likely the case in most, if not all managed forest
landscapes that the older stands are generally less acces-
sible, i.e., farther from roads. In landscapes like this one,
where ice roads are used to log in the winter, a similar
effect might have been evident had we examined distance
from potential ice roads (rivers and streams).
The practice of maximizing the distance of intensive
management areas from protected areas is akin to that of
creating buffer zones around protected areas. This sug-
gestion has been made by various researchers, particularly
as concerns the conservation of mammals with large home
ranges (e.g., Woodroffe and Ginsberg 1998) and is in
practice in many parts of the world. Our results indicate
that buffer zones may also be beneficial to species with
smaller home ranges. In this study, small songbirds with
relatively short dispersal distances were some of the spe-
cies for which this spatial arrangement of intensive man-
agement areas was the best.
It is interesting to note that the attempt to optimize all
response variables of interest was not particularly effective.
Scenario 8, in which distance of intensive management
areas from protected areas and productivity were maxi-
mized, while distance from existing roads was minimized,
was intermediate at best in terms of all response variables
examined. This indicates that managers should carefully
consider decision rules when determining the spatial
arrangement of intensive management areas. Modeling
exercises such as that presented here can be helpful in
assessing the effects of these decision rules.
The specific findings of this study might differ slightly if
the spatial configuration of protected areas were different.
In the modeled landscape, we did not change the config-
uration of the protected areas; there were three large pro-
tected areas located as far apart as possible. Because there
are no protected areas in the actual landscape, the
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configuration of these areas was decided so as to minimize
the threat of natural disturbances and maximize habitat
quality for biodiversity. This decision was based on the ideas
that large protected areas provide better quality habitat and
persistence of wildlife species than do small protected areas
(e.g., Burkey 1989, 1995, 1997; Ovaskainen 2002; but see
Simberloff and Abele 1976; Hanski and Ovaskainen 2000)
and are more resistant to anthropogenic land-use change
(Maiorano et al. 2008). Moreover, having more than one
protected area decreases the probability of the entire area
being affected by a single fire in this fire-dominated land-
scape (Bonneau and Kneeshaw 2005). In reality, for most of
the province of Quebec, there are some large protected
areas, but these are interspersed with relatively small pro-
tected areas. Areas may be designated as protected if they
represent old or otherwise rare forest types, if they provide
particular wildlife habitat (salt licks, nesting habitat for
colonial birds, etc., as well as habitat for protected species)
or if they are otherwise important to biodiversity or recre-
ation (Ministe`re de l’Environnement 1999); this often means
that these areas are relatively small. In a landscape with
more small protected areas, maximizing distance between
intensive management and protected areas would result in
less clustering of intensive management, which in turn might
result in increased road construction and therefore fewer
benefits to this type of spatial arrangement.
Results might also have been different if site produc-
tivity had been modeled differently. Although results
indicated that site productivity was not very important in
the spatial arrangement of intensive management areas in
this model, if there had been greater differences between
the most and the least productive sites in the initial land-
scape, this factor might have been more important. Note
that, in the model, tree growth, and therefore timber pro-
duction, in the intensive management areas was simply
modeled as twice the timber production for extensive
management areas. In reality, growth rates of hybrid
poplars on productive sites in the area, for example, may
reach eight times the growth rates of native poplars (Park
and Wilson 2007). Had these much higher growth rates
been included in the model, even less logging would have
taken place in the extensive management zone. This might
have affected the results in several ways; for example, the
scenario involving minimizing the distance of intensive
management areas from roads (scenario 4) might have been
even more effective overall since even fewer roads would
have to be built in the extensive management zone. Note
that we did not specifically model intensive silvicultural
practices involving, for example, the use of pesticides and
herbicides. The effects of these practices would have to be
examined in another study, but might include greater
economic benefits (even higher growth rates) and more
negative ecological effects (i.e., intensive management
having negative effects on neighboring stands in the other
zones, thus reducing habitat quality over a far greater area
than the actual logging area). We expect that including
these effects would make the sometimes marginal differ-
ences found in this particular study greater, thus strength-
ening the conclusions drawn here.
Finally, results might have differed if the initial road
network had been different. The initial road network, rep-
resenting the existing road network in 2007 when the
model was parametrized, is fairly large but clustered in the
southeast and in the northern half of the landscape, making
for a relatively large range of variation in terms of distance
from roads. Had this network been more widespread, there
would have been less of a range in variation in this vari-
able, and distance from roads might not have been
important. Such particularities of our study area should be
considered before applying the results of this study to other
landscapes.
However, regardless of the importance of each of the
specific rules examined, this research generally indicates
the importance of (1) clustering intensive management
areas rather than locating them randomly across the land-
scape and (2) buffering protected areas to benefit wildlife.
In areas where forest ownership or management is frag-
mented (i.e., where management decisions are generally
made at the stand scale), this finding implies that it is
important for forest owners and managers to work together
to come up with large-scale plans to maximize the benefits
and minimize the drawbacks, both economic and ecologi-
cal, of intensive forest management.
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